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Abstract: In this talk | will consider massless scattering from the point of view of the position, momentum, and celestial bases with a view to
advancing a holographic principle for asymptotically flat spacetimes. Within the soft sector, these different languages highlight distinct aspects of
the 'infrared triangle’: quantum field theory soft theorems arise in the limit of vanishing energy, memory effects are described via shifts of fields
along retarded time, and celestial symmetry algebras are realized via currents that appear at special values of the conformal dimension. The latter are
determined by the global conformal multiplets in celestial CFT referred to as 'celestia diamonds. These diamonds degenerate beyond the leading
universal soft modes and the standard interpretation of the infrared triangle breaks down: we have neither an obvious asymptotic symmetry nor a
Goldstone mode but we do have a soft theorem, and hence a version of a memory effect. | will discuss various aspects of celestial CFT surrounding
these Goldstone-like, or Goldilocks, modes and their canonically paired memory modes. They play an important role in constraining celestial OPEs
and for understanding the interpretation and implications of the (semi-)infinite tower of tree-level symmetry currents which may pose powerful
constraints on consistent low energy effective field theories.

Zoom Link: https://pitp.zoom.us/j/95785822777?pwd=cVIWY VIBS1E3aDJPT1ZSTmIZbzVQQT09
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=
[ I
Gravitational S-matrix: z,-z '_ AndreBBn )
hologram for quantum gravity in '
asymptotically flat spacetimes
s , 0
Initial and final states for massless particles .
prepared in terms of data at past and future
null infinity ¥~ and .
Asymptotic data can be presented in different bases:
F M :
Fourier transform i o S Mellin transform
‘/\'(u'] = dwe™"f(w) P(A) = dwo™ f(w)
—00 <)

Each basis highlights distinct aspects of the infrared sector.

Page 3/43

Pirsa: 22020075



Soft/ memory/symmetry

‘ \iﬁympfr)fir: syminetries ‘ AndreaPuhm &

Ward
identity

VaCulnm

transition

Infrared
Triangle

‘mr mory cffec rs | ourier ’ soft theore ms
Lranstorm
position-space " momentum- space

Soft theorems and memory effects are related by a basis change:
F
u<—

B o o o -  Rha
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S-matrix as celestral ampLLtuale

What are all the symmetries of nature?

Andrea Puhm

Aim of celestial holographer: make max # of symmetries manifest to

determine constraints on consistent S-matrix = A basis!

PP PRSP (03 ). 0% ()

= uncover hidden structures / symmetries of amplitudes
¥ ® © o
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Celestial Holography

Andrea Puhm

Where does the byd theory Live?
G|
/ A Do the sy mmetries mateh?
( celestial CFT 7

what are all the szdmmc’cvies?

quantum
gravity
in
flat space

(s the dual a 'standard' CFT?
what Ls the spectrum?

what is the organizing principle?
can we bootstrap?

i 1
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outline

Three bases for scattering

Soft Limit of scattering

Celestial Triangle

Celestial symmnetries § memories
Goldilocks modes

outlook

Andrea Puhm

-
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S-matrix

basic observable of quantum gravity in asymptotically flat spacetimes

Holographic flavor: e it
. : . 2y 2
defined in terms of on-shell data v
p!' = ew(l + 22,7+ 7, i(Z; — z),1 — zZ;
energy w;, direction g
sign €; for in () and out (+)
single particle state:
|, 2, Z;) = a' (0,2, 7)) | 0)
Scattering amplitude: ;
U; ..null time
— 4 :‘
A5 %) = Ay 7 25 Z ) el

A, ...boost weight

CTTe 0 e RS
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Extrapolate dictlona ry

Operators living in 3-dimensional space b X CP' where b € {w, u, A)

defined via boundary limit of bulk operators:

AndreaPuhm R,

1. spin-s bulk operator O*(X) e Mf;fl...

J (2m)°2k

|:J{“" ‘dae ™ ‘|

2. wavefunction @ ,(X; b, wi) satisfying the free spin-s eom transforming
under appropriate bulk (s) and boundary (R) reps of Poincare

3. nner product ( ... )y for single particle wavefunction defined on a
Cauchy slice Z, from symplectic product (.,.) =i(.,.*)s

Q(D, @)y = ’ XD @ = i(D, D)y

we can construct the boundary operator: &
()"/'\,('h. W, ) = X)), (I);\,(X__(. W, W)™*)s

incoming vs outgoing modes selected by x° = x°x e
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Three bases for scattering

position momentum boost

AndreaPuhm A 0

b

0.4

MM
A(un) «— A(w) «— A(A)

memory effects  soft theorems symmetries

g |

+00
[ du n“j’” = ()

i kelinout)

{out|a(w)S |in) = Z Z *S:”i(mcflcﬂrﬂ) &

- A€ At 3€y e S(D)x 7 /A6 S€,
Jim (A +n)X0] ..0% .07 ;) = Y, SPHOL 0%

kefinout}

Each highlight distinct aspects of infrared physics.
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Soft Limit of scattering: A(w)

momentum basis: Ww->0
A,k =wg") ~ o 'SV + 'SP + 0V + O(w?)
S’ | 7

Andrea Puhm N
]

(out | a (@) |in) {out| & |in) )
"o . o "
) e “ wigl) = ¥, SHat,
( { f\“"

i /".
‘”l ,-"

leading contribution: sof
photon/graviton attached
to external line
[ [ 1

(p; + k)?
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Soft Limit of scattering: A(w)

momentum basis:
w—0 L (=1) 0 (0 ! 4 Andrea Puhm
! { = _— 7 Fd
A, (k' =wg")~0™ A, +w &2/”)+w,52f'fr)+@(w )
S’ S’ \
(out | a (@) |in) (ot | &]in) )
PR | \nl/ Jogl) — 1j+1 L
\ e = 5;‘ A, / )
k' = wg” : : V0
soft factors in QED: o
A -".".\‘ , . pf.' /
‘”jl ,-’/ \ gl r,l‘ E: S == rr” 2 ’
leading contribution: soft s , .
photon/graviton attached soft factors in gravity:
to external line
I I I g K € i P _ K Ppe g™ x €t
1) ) - ) i S - — -
P+ k)2 P, . A Piq 2 Pi*q 2 P | Piq
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Soft Limit of scattering: A(w)

momentum basis: -0
=F: =St 8 o ")
A, (k" =wg") ~ w LD + A0 + 0D + O(w?)
e ~ )

Andrea Puhm

(out | a (@) |in) G 1)
Ji . . . 7
o | = / W/ (f)f.,QfEij ) = Z S: +l.§?f 5 /

i

soft factors in QED:
I /.'J' cEp 065 T
J”[ ,"d g - () ¢ = ieQ

leading contribution: sof s , .

photon/graviton attached soft factors in gravity:
to external line

| |

,.

prp - . €Y gt x €.q.q. 0™

I-loop corrections:

-1 7(— o y — i )
A~ ' AT +logwd Y + 0’ AV + wlogwd, + wd'V + O(w?log w)
PRAAAF AAANS?
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Soft Limit of scattering: A(A)

boost basis: Integration over all energies: soft factorization?

Andrea Puhm

Yes, but organized in boost weight poles!

~—P Wi symmetry (more later)
cutoff separating IR and UV behavior

m=—1.01,...
w A+

tree-level soft theorems dwad=1+m = we™ j

. . 1 _—-———
encoded in simple poles 5 A+m

V
@ ). A+t
I-loop logs encoded Ao =14 100 @ = g [ dwod—1+m = _ 2 s !
in double poles " N oA J, (A + m)? A+ m
AAAN,
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F‘ilnmnzm
INSTITUTE

Soft Limit of seattering: A(u)

position basis: For every soft theorem a memory effect corresponding to

p . ) . Laurent Freidel
é expectatlon value of operator appearing In soft charge.

Semi-classical interpretation of soft physics and memory most apparent:

F

-1
@' «—— 070(u)

shift in metric or gauge field suppressed
by r~" compared to radiative order

Even logarithmic corrections expected when taking into account
deflection of external scattering states due to long-range interactions:

F
log|w| «— — 2Tl — YEo(u)

i
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Celestial Triangle

Basis-independent statement: symplectically paired Goldstone
& Memory like modes and a Ward identity for their insertions.

Celestial
Soft theorem ~ Ward identity ~~ Memory effect

symplectically paired

Goldstone e Memory

Pirsa: 22020075
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Holographic map

For massless scattering the map is a Mellin transform:

A-1 \
T " T+ ‘ dww { +)
J0)

: J/ S
P pgHe

L
I-
o
momentum-space amplitude celestial amplitude
oA (w,Cw, W) = {out| S | in) M (B Ty wi ) = ([ ] 65 0w, )
i=1
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4D Lorentz <> 2D conformal

Isomorphism: SO1(1,3) = SL(2,C)/ Z,

/ \
{A € 0(1,3)|det(A) = 1LAY > 1} (M e GLQ2,C)|det(M) = 1)

i=123 Klr'" Ji ey D, P(r" ch("{" J(!h ab=12
boosts, rotations l .
L()’ Lil' l‘().‘ Lil [.L”p? L”-I — (]71 - }?)LHJ+”

global conformal generators
= Let's make 2D global conformal symmetry manifest in the S-matrix!

Spoiler alert: This will actually reveal an oo of symmetries!
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Celestral Operators

OF (w, W) = i(0(X), D, (X 5w, w)¥)s Ancrar

Conformal primary wavefunction:

aw+b aw+b

@’ (A” XY . ) = (cw + AHEW + A DD, (X*w,
AN T ew+d e+ d ( o ) _LJ at )

3+1D spin-s representation of the Lorentz algebra

. aw + b I + b
{ L yv : » aw + b
bulk point X# > A’CLX boundary point W —— > ——
cw+d ew +d

ad—=be = | = ad —bé

Lorentz transformation conformal transformation

4D spin-s field under Lorentz transformations

2D conformal primary with conformal dimension A and spin J
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Conformal p L ry wa vefunctions

Mellin transform of plane wave:

- —HA
[ dow? le*oaX: — (F1)°T(A)
(

) ? (—f{ ' Xi)A
kK = wg”

PAXE W, W) =

V2et = a,4" polarizations ” - ey ~
26k = 9 gt — g’ =1 +ww,w+w,i(w—w),l —ww)

Spinning conformal primaries:

| mt = e + e q" J=+1
i e — =+
Pp = A & ( ‘q )):) \H/ & A=0
(=g - X) m' = et + ————q* J=—1
(—q-X)
AA,J:+1;,u = ’ny(PA AA,J=-1;,;1 - nIy(/)A
M, s N hp j— . = M M,QA

Pirsa: 22020075

Andrea Puhm

Page 20/43



Spectm.m

—w®  what is A? A eR,Z,C,free parameter?
w

Andrea Puhm

J dw 78

Conformal primary wavefunctions @, ,(X; w, w)

form a o-fct normalizable basis when the conformal dimension is

A € | + iR ... principal continuous series of the SL(2,C) Lorentz group.

NA " ( \ ‘;(\. . W)

#/-_\ W M) = z}"w:. sesacs
A=J\TF2 e o NS AT N I
/' 2 . (w—w) AW — W A+

Conformal primary shadow wavefunctions @ A 1 X;w, W)

form equally good é-fct normalizable basis when A € | + /R,

Asymptotic symmetries and conformally soft factorization of
celestial amplitudes forA € 1 — Z., (s € Z)!

Obtained by analytic continuation off the principal series.
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qoing to J vs going soft

Andrea Puhm
. ; . . C—AG
O}, « lim Jdu(tt —ie) %A (u,r,2,2 O} , & lim — | du(u — ie)™*h_(u,r,z,Z
2 =00 ” \ L r—=oo F / o
saddle point approximation
as r — oo: point (w, w) on celestial sphere
gets identified with spacetime direction (z. 2)
Order of limits: » — oo versus (conformally) soft A € | — Z_,
w,w) (u,r,z,Z
0o N (Ui 1-A
' o _(uzFie)"ra-1 _, _n
lim dow? et @dXs = p~1 . — 76P(z — w) + O(r™?)
r—=c0 Jo (il)A(l S Ce A-2
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qoing to S vs going soft

Operators creating outoing radiative (A € | + /[R) modes with positive J:

Andrea Puhm

) . n o p
O}, « lim "du(ts —ie) A (u, 1,2, 7 0%, o lim — | du(u — ie)™"h,(u, 1, 2,2

=00 \ r—=oo F /

saddle point approximation

as r — oo0: point (w, w) on celestial sphere
gets identified with spacetime direction (z, 2)

Order of limits: » — oo versus (conformally) soft A € | — Z_
w,w) (u,r,z,7)
00 N £ - s 1-A
_ . UFie [(A-1) _
lim [ dww® letwdXs = p~1 ( . ) (_ - )mb(z)(z —w) + 62
r=82.J (EA(1 4 z7)>2

(/V‘ ,{ . The saddle point approximation (first large r, then soft) is
olE- already implicit in 'soft theorem = Ward identity' relation.

(We can nevertheless keep track of first conformally soft, then large r terms.)
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Conformal Goldstones

O, =0, P, )5

canonical charge for asymptotic symmetry

Pure gauge wavefunctions:

AG i — V;JAgcmge — large gauge transformation
hG L ™ V(H :) - — V;_,VDAg,,m,m, — BMS supertranslation

Pirsa: 22020075
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Conformal Goldstones

O, ;=Q0, P, )5

canonical charge for asymptotic symmetry

for values of A for which @, ;is pure gauge

Pure gauge wavefunctions:

>
Q
|

—_ — large gauge transformation
A=1.1u v/zAgaugc) arge gauge e

bt g = Vb =V, VA

gravity BMS supertranslation

G _vy g0 -
hA:(),J;;w — V(,Llép) Ditf(5°) - -
NG n - SUpcri otation (related by shadow transform)
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AsY mp’co’cic sy mmietries

4D (asymptotic) symmetries generated by 2D celestial currents!

—

Andrea Puhm

e Oa,; = €20, (I)TA,J)Z—h.Y

. .=
asymptotic symmetry generator pure gauge A€ Tﬁ/

| | ] ! large U(1)

3 | 3 i '

3 5 3 w2 large SUSY
2 | | =] supertranslation
2 0 2 C!)O 9 & C;\ superrotation

A\

2D stress tensor!
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Conformally soft photon

* Leading soft photon: L< . ¥ Andrea Puhm

n
lim(A-DAZ, (A, =+ 1w, w;A,w,,w;) = Z O M (A, W, W;)
Acxl o W =W
I n QA
(J @A gyt (._\,,.J”> = Z — <(§A|.J,"'@A”J”>
&y — w
(h, h) :/(l K0)!
® © ® ©
© @ gl = Xl ©® ® g

Celestial analogue of 4D soft theorems = 2D Ward identities
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Conformally soft graviton

e [eading soft graviton:

. _ _ K W — ”A _
lim (A = DA, (A, J =+ 2w, W; A, w;, W) = — — Z ML(AL+ 1w, wy)
A1

2 W — W
o~
L =%
(PO f A = - = 2

=]

€ A+ AEn
W — W, (_\ ¥ (\._\.ﬁ-l L @A,)
e Sub-leading soft graviton:
shadow of A = 0:
n h. .
( {,” _ i 1‘.7', ( (”
(‘ nn(‘A[ i @A“J”) i 2 w <(;}1 Aay (A J>

2 Y — W i
el W=wy)*  w—W;

Celestial analogue of 4D soft theorems = 2D Ward identities

Pirsa: 22020075
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Celestial Memiortes |

Celestial electromagnetic and gravitational displacement memory: Andre TG
M _ ., M
A1 = M)

lim O(X?) «x O(=u) 4+

oM = O(X%)p,

M _ M
Y 2 = MM

Goldstone-Memory pairings:

%
memory memory \ //
S

QAMW), AS(w") = 27)36P(w — w') = QWM(w), hS(w")) T
large gauge BMS supertranslations

Pirsa: 22020075

Page 29/43



Celestial Memortes

Celestial spin memory:

Andrea Puhm

— a3 similar for /2, _,
hy 4200 = MIM,0; (s 0-2)
I

d$ie

angular components &

guhAEB'O’(r) ® 'news':

(flux of energy)

M
N AB

x 0,0(u)

M
hl.+2'.;w

measured by spin memory effect:

is radiation at null infinity

+00
J duu N?,‘i o finite
-0
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Celestial Memortes

Celestial spin memory:

Andrea Puhm
h2.+2:;w — }nﬂ]nl/(pz {Slﬂ]]lill' for ]?“.__:)
|
angular components X -
U+ IE

Admixture of incoming (-) and outgoing (+) modes:

duh e 1
w A&'O‘(r) ® 'news': N;ﬂf = lim _(NTB - N.“\_B) X auﬁ(u)

(flux of energy) e—=0 271l

hﬂr?.m is radiation at null infinity 42
ki : v QM L(w),hS (W) = SN w — w')
measured by spin memory effect: b - 3
oo ‘5(2" l i QM (W), ff‘f_ W) = T—
J' T NM o & (z—w) .
duu N ¢ ——— 3 . S p—
Z3 = dual stress tensol
(1 +2z%)? ’

— o
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Ccelestial DLamonds

O » ;(0,0) creates state | A, h) with weights h = %(A +J), h= %(A - J).

Andrea Puhm o NG
=Y

For operators with h = iml. h= 1=% for k.keZ

- - primary descendants

>0

Lf,@A_‘,, If_'l(’ﬁAJ decouple in correlation functions — conservation law.

)

k k O 5 -

0,04 1,050, bl conformal
Fadeev-Kulish
dressing

(‘)rﬂ:-'oh,h
=0, - soft theorem

soft charge
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Cownformal muLtipLets Ln CCFT

Three types of primary descendants in celestial CFT:

Andrea Puhm

¢ | —vs <A< 4+ ¢ (type I & I1) o}
Asymptotic symmetry currents from pure gauge wavefunctions. a_f
o A — l _o,’ (type 11I)
Degenerate diamond: primary with A =1 — s J
descends to primary with A" = 1 + s, \
Important for constraining celestial OPEs o

7 ,J,‘7| o J
e A] -5 (type) =0 o O,(q - Xy =0
Level-n descendant of A = | — s — n primary is naively 0. 2

0

Holographic symmetry algebras (w, ) highly non-trivial!
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Goldilocks Modes

Sub-leading photon: Sub-sub-leading graviton:
AJ—2 -1 0 1 2 Andrea Puhm
AJ -1 0 1 -1
0 0
! o PR X

’ p 9
primary descendant = shadow primary <

A{).ﬁ]:y =m, 3

I—-A 1

: Cou B \
Ag’_],_ = — lim + uW, + 6(r~1)
. " A_‘() A <

A(S.Jﬁl::‘, =ry:+uW: + o) l-rf‘l‘_;,w =r I_l'm
6 G — 3V 2,1 Al 5
Precisely kernel of soft charge identified h—l,—}-‘:‘ = Yff ! “Wff +0O(r)

by in their ‘v

overleading gauge symmetry proposal.

See also
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Goldilocks Modes

Sub-leading photon: Sub-sub-leading graviton:
A/J-2 -1 0 1 2 Andrea Puhm
A -0 —1
] ]
» .
L) ) ~r /
[ Op Opts =15 % Og_p ¢ 1
L, - ot
= primary descendant = shadow primary <
Ai).f]'.;x — ”_7;: 4
o 6z — w) h_y 5 = M,,Q_,
yl—a |
Aé’_],_ = — lim + uW.+ 0(r=") x 6z —w)
fi A-0 A g

-4
/‘"‘IG s — F.T: + HW: + @(f'—l) h(;] - =r lim H_@_{_ ’.“2 ‘" e @‘(r())
0,—1;zZ bl z —1,-2:pv P 6(A n l) A

® 6 3T 4 P+ 6(r
Precisely kernel of soft charge identified h—] —2:7% q Yf.: eal ”Wf.f +O(r)

by in then p

overleading gauge symmetry proposal.

- - | m
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Sub-leading Soft Charge

e First large r — oo, then conformally soft A — 0:

Mellin transformed creation and

= contact terms i e ,
annihilation operators a, .. @

.

- ! 2., 1-8N25: S A0 i
Opo_1 D llmA_,OZjdud zu' "Dy 0, AV — Oy _; D iefay_ +a,_|]

First I “du, then A — 0:

[nserted in celestial amplitudes:
subleading soft photon theorem.

First conformally soft A — 0, then large r — oo:
= non-contact terms

naively divergent soft charge  lim i‘[cittdiIAg))

r—oo

r X soft charge for leading soft theorem!
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Sub-leading Soft Charge

@

First large r — oo, then conformally soft A — O:

Mellin transformed creation and

= contact terms annihilats T |
annihilation operators a, 4., @

.

- l 2. 1-M12-:F 20 ) o i
Op_o_12 llmﬁ_,(,zfdud zu "XD:y:0,AY)—w Oy Dielag_ +a,_|]

First I “du, then A — 0:

[nserted in celestial amplitudes:
subleading soft photon theorem.

First conformally soft A — 0, then large r — oo:
= non-contact terms
naively divergent soft charge o lim r | dud, A"
=00 N
r X soft charge for leading soft theorem!
renormalization of symplectic product:
(ambiguity in covariant phase space formalism)

ren

e = — 3 J-dz;dz{ W:ffdlﬁ(:{)) = analogous story for (super) gravity
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Mewories for Goldilocks

Sub-leading photon memory mode:

A2,+l:,u = ’”}:(/}2

C AM = oY A;Ll:i = —o(u)(1 + zZ

2.+1:z

)28 P (z - w) + O(r")

T . l
Goldilocks-Memory (A}, (w), A0 | qgie p o 1im —8@ 0w — )
n» A=)
pairings: -

Sub-sub-leading graviton memory mode:

= m,m,p;

hﬁ.+2:,uz,
C WM. =602 WM,..= %d”ﬁ(u)(l + 2228 (z — w) + 6(r°)

34222
_—

D
o Nw —wh)

Goldilocks-Memory :
i G y. .
Q(h&( W )' h—lﬁ-z(n )lelt|i,||t' pt e -hlii‘l_]l A + 1

pairings:
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Mewortes for Goldilocks

Sub-leading photon memory mode:
A2.+l;,u = ”Ip(pl

C A =00 AN =8 +22) 2P - w) + 6(r7")

2413z

i g _ : . ,

Goldilocks-Memory Q@M (w), AS_,(w)| o lim —8@(w — w')
pairings: i |

Q("'li\.Ll(“')* ‘”{(ziﬂ(“"“ o5 saddlept &

saddle pt

off-diagonal level for sub-
TRV S—— adine <o fl .
d LA
(w—w)'(w—w} leading soft photon current

Sub-sub-leading graviton memory mode:

h3.+2:,ub i }n}l’nb(p3
C =007 hhas =508 + 2228z — w) + O(°)

3,4+2;z2
—

Goldilocks-Memory
pairings:

~(? F
S w — w)

M : G ¥ .
Q(hﬁ.+:(H ), h—l.-ﬁ-:(n )lettlxllL']}[ s _3151_11

. I - i

M (0 5G \, - al level for sub-sub-

QA3 42(w), 3 (W), saddlept & Y rr— oft c_hagon(‘il lev L_l for sub-sub
(w—=w)(v —w) leading soft graviton current
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Over-leading symmetries?

While the I — s < A < 1 + s Goldstones wavefunctions are pure gauge
the A = 1 — s Goldilocks are not but nevertheless 3 soft theorems.

Can we recast the overleading (compared to radiative) large r behavior

G ' G 2 '
Ap_jz %7 & h2| _yz 1 as a gauge symmetry?
AV
Combinations of J =+ 1l and J = — 1 x VAl "
sub-leading soft photons descendants: gauge ¥ -+ I &
O(r)
Combinationsof J=+2and J = -2 v N
§ " g d AT
sub-sub-leading soft gravitons < V. Vo Ngraviry LN
descendants: % " SN
O(r”)

Consistent with over-leading gauge symmetries of
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e | —s< A <1+ s:Goldstones o

(r)i(j|_..‘;) O“:(Jf\w'()]...;.‘ 0
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e A =1 —s5: Goldstone-like 'Goldilocks'
():\.(j_k:]—.s;.fzﬁ—.\ X f)]—-_\.—\ a’ J

e A <1 —s:Goldstone-like tower
2

( 09508 1e5 X €0y p g

The tower of celestial symmetry generators in gauge theory and gravity

o R : A 13
R™ =lme0O,,, 4 H® =lime0O, ., >
e—0 e—0

A=10,-1,.... A=210-1,...

o
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Celestial amplitudes organize scattering in novel way:
(by virtue of going to a boost weight/Rindler energy A basis)
e power of symmetry to organize (conformally) soft sector
e 4D asymptotic symmetries from 2D celestial currents

® soft expansion — conformally soft poles

e manifests co many (soft) symmetries

e soft towers form holographic symmetry algebra

e anti-Wilsonian paradigm (probing all energy scales)
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e Acl+iRvsA e Zvs?

/" dual

e role of shadow / light transform Ccelestial CFT ?

o Well-defined (tree-level!) gravitational amplitudes  |quantum
: . gravity
only from string theory? Other UV completion? in

flat space

e CCFT as flat space limit of AdS / CFT

(emergence of BMS and IR divergences)?

e black holes & information paradox
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